This article demonstrates the practical application of an integrated environmental health impact assessment (IEHIA) methodology to investigate an infectious disease (leptospirosis) and the value of using such an approach to estimate future health impact. The assessment described the current health impact (using leptospirosis seroprevalence as a proxy measure) and estimated the future health impact based on scenarios that included indicators of different risk factors. The application of an IEHIA methodology to assess the health impact of an infectious disease was shown to enhance the ability to quantify associations between a disease agent and its health impact by taking into account the environmental drivers of transmission, human behaviour, socioeconomic factors, and the multiple pathways through which exposure and infection could occur.
environmental health impacts becomes even more complex. Consequently, there are many challenges associated with developing interventions to reduce detrimental and enhance benefi cial health impacts that might result from population and environmental change.
Several tools are currently available to measure environmental health impacts (2 -5) and can be found across a range of approaches and methodologies. Popular methods are mostly based on the assessment of risk posed to health by environmental contaminants including biologic agents. Arguably, the most prominent amongst these risk-based approaches would be the traditional risk assessment process (from hazard to risk characterisation), then epidemiologic studies that identify the risk factors associated with health outcomes, and fi nally defi ning the risks based on biologic measures of exposure to environmental contaminants.
The traditional environmental health risk assessments are generally implicit and quite linear in their design, striving to make sense of how health-related environmental hazards (usually single contaminants) move along exposure pathways and exposure routes (allowing for the hazard to cross the physical body barriers). If data on dose-responses for the environmental hazards are available, the overall risk of the health outcome (e.g., risk of infection or poisoning) could be estimated or predicted. However, it has become increasingly diffi cult to plausibly characterise (quantify or qualify) environmental health risk using this approach because of the paucity of dose-response data for the majority of environmental hazards or toxins and, often, quite extensive uncertainties surrounding the prediction. Where data are available on dose-response, their applicability to especially vulnerable subpopulations like children is often unclear. Furthermore, environmental health risk assessments are yet to fully and practically accommodate the concepts of combinations of hazardous conditions and contaminants, multiple exposure pathways, and variations in population parameters, e.g., demographics, socioeconomic status, vulnerability, education levels, and individual knowledge, practices, and behaviours (KPB) that could infl uence risk.
In contrast to the conventional risk assessment approach, epidemiologic assessments often tend to be more explicit because they explore and identify links between environmental hazards and health outcomes and quantify the strength of associations even if the exposure pathways, dose-responses, and behavioural risk factors were unclear. The ability to quantify relationships between environmental hazards and a health outcome is important for determining the importance of hazards (individually or in mixtures), the relative importance of each hazard, and the improvements in health that could be gained by controlling a hazard. To
Introduction
Population and environmental profi les are rapidly changing globally. Population growth and the associated consumerist demand, waste production, and mobility contribute to environmental degradation, which in turn could increase the risk of infectious diseases, chronic diseases, and injury. The World Health Organization (WHO) estimates that 25 % of global disease burden can be attributed to poor environmental conditions (1) . For governments and service providers in many parts of the world, it has become almost impossible to quantify the extent to which environmental hazards would impact on the health of their populations. When a health outcome could be infl uenced by multiple environmental hazards through a variety of concurrent exposure pathways, the assessment of accurately measure the cost-effectiveness and social costbenefi t of interventions, quantitative data on health outcomes would also be required (3, 6) . Whilst epidemiologic studies might not provide direct proof of causality or identify the exact exposure pathway, they can be used to demonstrate or predict how changes in environmental hazard scenarios could infl uence the occurrence of a health outcome or provide information on effective ways of reducing the risk of an adverse health outcome. A classical example would be John Snow ' s success in stopping a cholera epidemic by turning off the Broad Street water pump (i.e., altering an environmental hazard and thus reducing exposure) even though the exact causative agent was unknown and the exposure pathways were poorly understood at the time (7) .
The measurement of biologic markers in humans and animals allows us to detect exposure to chemicals, toxins, or biologic agents, identify the population exposed, and characterise the exposure. However, the biologic markers in themselves do not provide suffi cient data on the exposure dose, exposure pathways, population parameters associated with the exposure, biologic signifi cance of the exposure, or any associated health outcome without signifi cant further investigation, often returning the assessor to the epidemiologic or traditional risk assessment process.
Each of the three approaches discussed above has inherent limitations, including considerable uncertainties, for assessing environmental health impact when applied separately. However, the integration of these approaches could provide a more complete assessment. Recent proposals for integrated environmental health impact assessment (IEHIA) frameworks by Briggs (8) and adapted by Knol et al. (9) show promise for a more effective integration of risk and impact assessment techniques and approaches to accommodate the assessment of the multiplicity of environmental hazards and the associated exposure pathways, population parameters, and socioeconomic infl uences in determining overall health impact. Such a multicriteria approach to environmental health impact assessment would also stimulate collaboration between public and private sectors that manage environment, communities, and health, thereby improving cost-benefi t ratios of interventions (10) . Although the concept of an IEHIA is gaining support in work done in Europe and reported in recent literature (8 -10) , there are limited examples of the practical application of an integrated approach to assess environmental hazards, pathways, and individual human behaviours that infl uence a health outcome and provide quantitative estimations or predictions of the outcome (3, 6) . In particular, few studies have used an integrated approach to quantify the relative importance of environmental factors and population parameters in determining the impact of an infectious disease. For zoonotic diseases like leptospirosis, a comprehensive assessment also requires a ' One Health ' approach (11) , i.e., disease transmission as determined by the interaction among humans, animals, and the environments in which they coexist. Although an IEHIA methodology is well suited for investigating the complex exposure pathways and transmission dynamics associated with zoonotic diseases, this approach has not often been applied in practice. In this article, we discuss the application of an IEHIA to quantify current and estimate future health impact of a zoonotic disease (leptospirosis) in a tropical Pacifi c Island setting. Whilst the IEHIA process has been proposed for the analyses of complex environmental health problems involving the full causal chain (8, 9) , this case study demonstrated that this process could also be applied effectively for simpler assessments involving one hazard or disease agent ( Leptospira ) with a single disease outcome (infection) in a single population [the people of American Samoa (AS), an island nation in the South Pacifi c].
Case study
Leptospirosis is a globally emerging zoonotic disease with many potential drivers for infection including climate, fl ooding, urbanisation, environmental degradation, and human behaviour (12 -16) . The ecology of leptospirosis emergence is therefore highly complex and varies signifi cantly in different epidemiologic settings. Human infections can result in a variety of clinical outcomes, ranging from mild infl uenza-like illnesses to severe life-threatening disease with liver failure, renal failure, and lung haemorrhage The WHO estimates that there are more than 500,000 severe cases per year globally, with case-fatality rates of up to 30 % (17) .
Leptospirosis is caused by an infection with Leptospira bacteria, which can survive for weeks in the environment. Mammals serve as reservoir hosts for leptospires, where the bacteria colonise the renal tubules of chronically infected animals and are excreted into the environment when animals urinate. There are more than 200 serovars of pathogenic Leptospira , each having preferences for particular species of animal hosts. Humans can be infected through direct contact with infected animals or through an environment that has been contaminated by animal urine, like water or soil (18) . The transmission cycles and common exposure pathways are shown in Figure 1 . protection agency, Samoan Affairs), research organisations, and health-care providers (medical practitioners and the local hospital). Activities included multiple individual and group meetings, village visits, and distribution of information through local radio and television. During these activities and meetings, the study design and logistics were evaluated, valuable ideas were developed, and preexisting data were sourced from a number of stakeholders. The results were communicated through presentations to individuals and groups, printed materials, posters, local media, and publications.
Assessment frameworks
At the design and formulation stage of an IEHIA, a conceptual framework would help the assessment team to systematically explore the risk factors and complex exposure pathways, and link separate components of the assessment. The conceptual assessment framework proposed by Briggs (8) promotes the exploration of the multivariable nature of hazards and pathways and shows that risk assessment is an important component of the overall IEHIA process but is infl uenced by population parameters, environmental factors, as well as overarching societal infl uences like government, economy, culture, and demography.
To put such a conceptual assessment framework into action, an operational framework is also proposed by Briggs (8) to provide structure and organisation for the process and help with identifying stakeholders, defi ning the scope of the assessment and questions to be answered, selecting indicators, developing protocols, deciding on the methods of data analysis, defi ning a baseline or reference scenario, determining alternative scenarios that could be modelled, estimating and predicting health outcomes under alternative scenarios, and fi nally, communicating the fi ndings to stakeholders.
Conceptual framework for IEHIA of leptospirosis in AS
The conceptual framework shown in Figure 2 was used to map out and explore the multiple exposure pathways and drivers for human leptospirosis infection in AS. The framework included general risk factors that were known to be important globally, as well as risk factors specifi c to the environmental conditions and cultural setting in AS. Potential risk factors were identifi ed through a review of existing literature and refi ned after discussions with stakeholders, and these provided the basis for building the suite of indicators used for the assessment (see below).
Operational framework of the IEHIA of leptospirosis in AS
The operational framework shown in Figure 3 shows the overall design of the assessment and involved scoping the assessment, selecting the suite of indicators, sourcing and collecting data, analysing the data and building statistical models, producing sets of results, and identifying practical application of the fi ndings. Each component of the assessment will be The ability to plan, implement, and sustain effective control measures for leptospirosis has been restricted by the paucity of epidemiologic and health impact data, lack of effective tools to accurately identify and especially predict high-risk areas for infection and outbreaks, and limited evidence-based strategies for public health interventions (18) . The case study described here demonstrated the prognostic capability of an IEHIA to provide such information to communities and their service providers and the advantages of using an IEHIA approach when faced with the task of designing interventions to address complex environmental health issues.
The assessment ultimately provided information on the current epidemiology of leptospirosis in AS and explored possible reasons for the disease ' s emergence by comparing its current status to fi ndings from a previous study (19) . Using the current status as the ' reference scenario ' , the IEHIA also estimated the risk of infection with hypothetical ' alternative scenarios ' associated with changes in the environment and/or human and animal populations.
Assessment process Stakeholders
For an IEHIA to be successful, it is important to identify, consult, and collaborate with stakeholders as early as possible and engage them throughout the assessment process. Stakeholders are individuals who represent communities and organisations that have an interest or concern with the problem or who might be affected by the assessment ' s processes or outcomes (8) . Stakeholders are essential for confi rming the relevance of the project in the context of cultural or political issues, providing inside knowledge about the problem, and identifying questions that need to be answered. They could help appraise the appropriateness of the study design, provide valuable sources of data, and assist with logistics of conducting the assessment, including obtaining acceptance from and gaining access to target communities. For the fi ndings of an assessment to be useful, the results need to be communicated to all stakeholders in formats that could be easily understood and applied to manage the problem. Stakeholders could also provide additional insights into the interpretation of the fi ndings of an assessment. The presentation of fi ndings to multiple stakeholders could be a challenging process because of inevitable differences in their background, agendas, knowledge, and ability to interpret scientifi c information. It is nevertheless an essential component of an assessment, not only to communicate the fi ndings, but also to reduce chances of barriers to future access to communities that might arise from dissatisfaction caused by lack of feedback about research outcomes (8) .
In the case study presented here, ongoing engagement of stakeholders was crucial for generating and maintaining local enthusiasm and support for the project, which were essential for the success of the assessment. Stakeholders included representatives of communities (village chiefs and mayors), government departments (health, commerce, environmental Risk of leptospirosis infection I n t e r a c t io n s I n t e r a c t io n s
Interactions

Figure 2
Conceptual framework for IEHIA of human leptospirosis in American Samoa. described in detail below. As discussed earlier, stakeholders were involved and engaged throughout the assessment process.
Scoping the assessment and defi ning scenarios
Scoping the assessment provided limits within which the framework would operate. It involved defi ning the research questions, establishing the boundaries of the assessment, and determining outputs that need to be generated. The scope of the assessment determined the selection of indicators required to provide the appropriate and necessary data to measure the risk factors associated with the health outcome. A reference scenario was defi ned, and from there, health impacts resulting from alternative scenarios could be predicted. In our case study of leptospirosis, the research questions were the following: For this case study, the presence of Leptospira antibodies in study participants was used as the health outcome (or impact) measure. Antibodies are biomarkers of previous infection and would be detectable in clinical as well as subclinical cases. Seroprevalence (percentage of population with antibodies) was used as a measure of populationlevel health impact because it relates directly to the risk of infection. Risk factors for infection were measured using a suite of indictors (discussed below), and an epidemiologic approach was used to determine their current and potential future health impact. The assessment neither included a traditional risk assessment approach of quantifying the occurrence of the disease agent in the environmental media (water and soil) nor used a dose (of leptospires crossing into the body)-response (antibody development in individuals) approach to estimate infection risk. Leptospires are diffi cult to identify and quantify in the environment, and the doseresponse approach is often not appropriate for infectious diseases because infectious agents (unlike toxins) are able to multiply within the human body at varying rates depending on the agent and the individual ' s immune status, i.e., a single organism might be suffi cient to cause an infection or many organisms might fail to do so.
An IEHIA evaluates the current health impact status and uses it as the reference scenario, from which alternative scenarios could be developed to estimate the changes in health impact as risk factors change. The choice of alternative scenarios depends on research questions and the objectives of a study. In this case study, alternative scenarios consisted of combinations of indicators from the natural and household environment, individual KPB, proxy measures of fl ooding risk (altitude, soil type, vegetation type), populations of domestic pigs, and geographic location of the participants ' households. To allow future estimations of benefi cial health impact that might be gained through environmental health and public health interventions, alternative scenarios were constructed with those indicators that were potentially modifi able through such interventions.
Because of logistic constraints, the scope of the assessment only included adult humans and did not attempt to assess health impact in children or animals. The study was conducted in a tropical island ecosystem in the South Pacifi c, and fi ndings might be relevant to other Pacifi c Islands with similar climate, lifestyle, culture, and animal species. However, it would be more diffi cult to generalise and apply fi ndings to other highrisk epidemiologic settings for leptospirosis such as densely populated urban slums in developing countries (12) .
Selecting indicators, sourcing, and collecting data
The selection of appropriate indicators was crucial because they formed the basis for the measurable parameters used in the study. The indicators needed to capture the full extent of risk factors and the multivariate nature of the exposure pathways, including the potential drivers and pressures in the local environment as well as human and animal behaviours and populations that could affect disease transmission. To ensure that the assessment was conducted in an effi cient manner, it was also important to limit indicators to those that provide information within the scope of the assessment and consider the costs and logistics of data collection. The availability of preexisting data as well as the logistics and feasibility of collecting new data was also considered when scoping the study.
Before the fi nal suite of indicators was compiled, several potential data sources in AS were explored, which included data on the epidemiology of leptospirosis in AS (e.g., data from disease surveillance, laboratories, health departments, hospitals); risk factors identifi ed in previous studies, both in AS and elsewhere; population parameters (e.g., distribution, characteristics, behaviours census data); climate and environmental factors (e.g., government departments, research organisations, environmental agencies); and animal populations (e.g., environmental agencies, agricultural departments, research organisations).
The fi nal suite of indicators, shown in Table 1 , was broadly divided into four categories:
1. Leptospira antibodies -measured in blood samples collected from individual participants in the study and used as a biomarker of previous infection (the health impact measure) 2. Individual-level risk factors -a questionnaire was used to collect data on demographics and the individual ' s KPB that could infl uence the risk of infection. 3. Household-level risk factors -preexisting georeferenced environmental and animal data were used to measure potential sources of infection in the household environment 
Data analyses and modelling
Data analyses and the subsequent modelling involved a combination of analytical techniques to examine the diverse types of data on human parameters, animal populations, and the environment and consisted of 1. A comparative assessment of the fi ndings of this study with results of a previous leptospirosis study conducted in AS. 2. Using multivariable logistic regression models and geospatial analysis to identify indicators that were signifi cantly associated with the health impact (infection) and quantify the signifi cance of the associations by determining the odds ratios of being infected when indicators were present. The fi ndings provided an evidence base for the risk factors for leptospirosis infection in AS at the time of the assessment and were used to describe the reference scenario. 3. Using the models of the reference scenario as a platform, estimations of seroprevalence (measure of populationlevel health impact) were made for a number of alternative scenarios, which involved different combinations of risk factors.
Because the assessment was designed to produce practical information for public health interventions for leptospirosis, the alternative scenarios were presented as seroprevalence prediction charts and maps (see below).
Outputs Comparative assessment
Leptospirosis seroprevalence, dominant serovars, and risk factors for infection from our assessment were compared with the results of a seroprevalence study conducted 6 years earlier in AS (19) . The dominant serovars differed signifi cantly between the two studies, and the emergence of new serovars were thought to be most likely the result of ecologic factors like changes in interactions between humans and the environment, introduction of serovars through transport of animals, changes in animal populations, and environmental change that favour the transmission of particular serovars (16) .
Reference scenario
The details of the fi ndings of the assessment have been described in earlier publications (20, 21) . In summary, the assessment included 807 adults from 65 villages on fi ve islands of AS. Antibodies indicating previous leptospirosis infection were found in 15.5 % of participants, and logistic regression analysis was used to identify risk factors associated with the presence of antibodies. Table 2 shows the ten indicators of risk factors that were found to be signifi cantly associated with previous infection and the odds ratios of being infected compared with participants without those risk factors. Six of these indicators were associated with individual-level risk factors (male gender, outdoor occupation/fi sh cleaners, income, lack Table 2 Indicators and risk factors associated with the presence of Leptospira antibodies and used to defi ne the reference scenario (20, 21 Swimming or walking in rain puddles
Swimming or walking in rain puddles more than once a week (compared with never swimming or walking in rain puddles) of knowledge about leptospirosis, swimming at the beach, swimming or walking in rain puddles, and fi shing), and four indicators were associated with household-level environmental risk factors (the residence being below the median altitude of a village, being situated in agricultural areas, built on clay loam soils, and having higher density of piggeries located within 250 m and above the house).
Alternative scenarios
Using the logistic regression models developed in the reference scenario, estimations of seroprevalence (measure of population-level health impact) could be made for alternative scenarios that involved different combinations of indicators. The details of the methodology, goodness of fi t of the models, and model validation statistics have been described in earlier publications (20, 21) . The alternative scenarios explored in this assessment included the following:
1. Different combinations of signifi cant risk factors associated with infection -used to produce seroprevalence (impact) prediction charts (Figure 4 The seroprevalence prediction charts in Figure 4 show the combined effects of indicators in determining overall infection risk and provide a more accurate estimate of seroprevalence than individual indicators or a simple count of the number of indicators. The four variables used for the chart in Figure 4A were chosen because they were likely to be of practical use to (i) assist clinicians with identifying individuals at risk of infection, particularly when laboratory diagnosis is not readily available, and (ii) show potential gains in benefi cial health impact that might be achieved by implementing different public health interventions (e.g., promoting occupational safety, increasing public awareness of disease, or improving piggery management) (20) . Figure 4B shows how different types of environmental change could infl uence the risk of infection (e.g., urbanisation, expansion of agricultural activity, increase in the number of piggeries). Altitude and soil types provide indirect measures of fl ooding risk and illustrate the importance of improving drainage as well as the potential increase in infection risk with climate change and the predicted increase in fl ooding in the Pacifi c Islands (21) . The charts therefore provide estimates not only of the current seroprevalence status but also of the changes in future seroprevalence that might occur with alternative scenarios, either through public health interventions or environmental change.
The maps in Figure 5 show a signifi cant geographic variation in health impact, and the maps in Figure 5B and C show how this variation in risk is further modifi ed by individuallevel indicators (21) . The ability to accurately identify and map high-risk areas for infections could assist public health authorities to target more specifi c environmental sources of infection and assist in planning and implementation of interventions.
The graph in Figure 6 provides additional information for assessing potential health impact by estimating the number of households exposed to different levels of health impact as well as the number of houses that were located in actual highrisk areas.
Practical application of the fi ndings
This assessment identifi ed important individual-and household-level risk factors for leptospirosis infection in the target population and provided an evidence base for potential public health interventions. At the individual level, recommendations for interventions included the use of protective clothing, gloves and shoes during high-risk activities like outdoor work, and improving knowledge about leptospirosis. At the community level, improving the management of piggeries and waste drainage could reduce environmental contamination. Improving drainage and waste management in villages could reduce fl ooding risk and thereby also reduce exposure to leptospires. At a regional level, leptospirosis is a signifi cant health problem in other similar environments, and fi ndings from this assessment might also provide insight into the risk factors for disease transmission in such areas. The combination of climate change, population growth, and urbanisation in the Pacifi c region could potentially result in an upsurge in leptospirosis incidence, and the potential increase in disease burden could be controlled by appropriate and timely public health interventions (20, 21) .
At the population level, the assessment produced practical information to identify high-risk populations and geographic variations in seroprevalence. The seroprevalence prediction charts and maps demonstrated how multiple risk factors (demographic, behavioural, animal, environmental) combined to drive overall infection risk and highlighted the importance of a multicriteria approach to understanding public health interventions for leptospirosis control. The charts and maps visually presented complex data in formats that are more easily understood and interpreted, so that the information could be more readily applied to inform intervention strategies.
Estimating the shifts in seroprevalence based on alternative scenarios helped to estimate future health impact based on hypothetical changes in human population (demographics, distribution, knowledge, occupations), animal populations (numbers and locations of piggeries), and fl ooding risk (land use, agriculture, urbanisation). For example, the fi rst seroprevalence prediction chart ( Figure 4A ) could be used to assess and compare potential health benefi ts achievable by different types of interventions (e.g., managing piggeries vs. improving occupational health and safety for high-risk groups vs. a public education campaign about leptospirosis). This information could help direct public health intervention strategies and ultimately lead to optimising cost-effectiveness as well as social cost-benefi t of different interventions to reduce health impact. The assessment also showed that basic environmental indicators could be used to identify high-risk locations for leptospirosis infection ( Figure 5 ) and supported a novel approach of using environmental monitoring to enhance infectious disease surveillance (22) and improve the overall effectiveness of environmental health surveillance and management (21) .
Discussion
The process of an IEHIA has been proposed for the assessment of complex situations involving multiple hazards or disease agents, resulting in multiple risks and exposure pathways, and multiple health outcomes (8, 9 ) . The integrated approach described in this article was shown to provide direct, comprehensive, and strategic information on the health impact of an environmental hazard, which could be used to inform intervention strategies. This approach demonstrated that an IEHIA approach is also applicable and valuable for simpler assessments involving single infectious disease agents and associated health outcomes. Rather than the traditional risk assessment approach of measuring exposure to known quantities of a disease agent in the environment, this case study applied the IEHIA approach to investigate an infectious disease by combining measurement of biomarkers of infection with an epidemiologic assessment, using a suite of risk factor indicators to provide quantitative estimates of current and future health impacts of leptospirosis, as well as demonstrate the prognostic strength of such an integrated approach.
With conventional environmental exposure or health risk assessments of an infectious disease, the ability to accurately quantify the risk of infection is limited because multiple potential exposure pathways and the paucity of reliable doseresponse data combine to produce large margins of error and uncertainties. Even if the risk of exposure could be accurately quantifi ed, risk assessments often do not provide suffi cient information on the likelihood of exposure, the odds of being infected, or any subsequent health impact. The lack of quantitative measures of health impact would also make it more diffi cult to model and predict improvements in benefi cial health impact that might be gained from environmental health and public health interventions.
Finally, it must be pointed out that there were limitations to the case study presented here. The scope of the assessment did not include all possible risk factors, exposure pathways, or population groups at risk. The ability to develop and explore alternative scenarios depended heavily on the availability of preexisting data as well as the capacity and feasibility of collecting new data. Future assessments could improve the accuracy of estimates by identifying additional indicators and exploring other alternative scenarios. For example, potentially important alternative scenarios that were not investigated included the effect of seasons, climate, and extreme weather events; the risk factors for infection in children; and the role that other animal species play in disease transmission.
Conclusion
This article demonstrated the strength of a practical and prognostic application of an IEHIA. The range of methods applied in the process is not new and neither are they unique. However, we have shown that the integration of the methods improved the ability to quantify the associations between an environmental hazard and a health outcome, taking into account the multiple exposure pathways, population parameters, and socioeconomic factors that could modify the health outcome. Estimates of population at risk based on geographic variation in population distribution and the seroprevalence prediction map in Figure 5A [reproduced from (21) ].
